The process of development and calibration for the first Moon-based extreme ultraviolet (EUV) camera to observe Earth's plasmasphere is introduced and the design, test and calibration results are presented. The EUV camera is composed of a multilayer film mirror, a thin film filter, a photon-counting imaging detector, a mechanism that can adjust the direction in two dimensions, a protective cover, an electronic unit and a thermal control unit. The center wavelength of the EUV camera is 30.2 nm with a bandwidth of 4.6 nm. The field of view is 14.7
INTRODUCTION

International Developments
Earth's plasmasphere is a torus-shaped region with dense, low energy plasma located above the ionosphere which extends to 5∼6 R ⊕ (Earth radii, 1 R ⊕ = 6371 km). All the charged particles in the plasmasphere are trapped on geomagnetic field lines (Lemaire & Gringauz 1998) . The plasmaspheric He + ions resonantly scatter the extreme ultraviolet (EUV) radiation of sunlight at 30.4 nm with intensity that is proportional to the column density along the line of sight (Meier 1991) . Since He + ions are the second most abundant component in the plasmasphere (Craven et al. 1997) , their distribution can reflect the global structure of the plasmasphere. The facts that the magnetosphere is optically thin to 30.4 nm emission and the interplanetary background is extremely low make Moon-based EUV plasmaspheric imaging suitable and the imaging process simple. Thus, imaging at 30.4 nm is the best choice for monitoring the global plasmasphere and the EUV images are intuitively suitable for research on the dynamics and global structures of the plasmasphere during storms/substorms, as well as for space weather monitoring and forecasting (He et al. 2013) .
The optical remote sensing of the plasmasphere began in the 1970s, starting with low-orbit photometry measurements (Weller & Meier 1974) and continuing through partial imaging by instruments in high orbits (Nakamura et al. 1999) , and finally an imager with a large field of view (FoV) to image the global plasmasphere (Sandel et al. 2000) . The EUV Imager (Sandel et al. 2000) onboard the IMAGE mission was launched in May 2000 and obtained many important scientific discoveries during its lifetime of nearly five years. The IMAGE mission was operated in a polar orbit around Earth with a perigee of ∼1000 km and an apogee of ∼42 000 km. The FoV of the EUV imager was composed of three identical sub-FoVs of 30
• . With that instrument, the plasmasphere could only be completely imaged in the apogean region around the north pole. The EUV imager was mounted on a spinning platform and the IMAGE mission was operated in a polar orbit with limited FoV and only half (or less) of the duty circle could view the whole plasmasphere; therefore, the plasmasphere could not be continuously imaged.
The EUV Camera (EUVC) developed at Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences landed on the lunar surface as part of the Chang'e 3 (CE-3) lunar lander (Ip et al. 2014; He et al. 2010 ) and has taken photos of Earth's plasmasphere from a perspective on the side during the past half year.
Scientific Goals
During its one year lifetime, EUVC took a number of photos of the plasmasphere in order to achieve the following scientific goals.
(1) Image Earth's plasmasphere at 30.4 nm from the perspective of the side at different positions along the orbit of the Moon to investigate three-dimensional structures in the plasmasphere. (2) Continuously image the plasmasphere over a relatively long duration to monitor evolution of the plasmaspheric density and structure with geomagnetic activity.
Technical Requirements
In order to achieve its scientific goals, the EUVC should have a high response at 30.4 nm and filter 58.4 nm emission from the ionosphere. In addition, it should have a large enough FoV to cover the entire plasmasphere and have a good spatial resolution that can identify plasmaspheric structures. The specifications for the EUVC are listed in Table 1 . The arrangement of this paper is as follows. Section 2 gives the overview of the EUVC and the general test results, Section 3 provides the detailed design of the EUVC, Section 4 details the calibration of the EUVC, the first image and image processing will be described in Section 5, and a summary will be given in Section 6.
OVERVIEW OF EUVC AND GENERAL TEST RESULTS
The EUVC, designed for the lunar environment, is mainly composed of a main structure and an electronics box, with the main structure mounted outside the instrumental module on the top of the lunar lander and the electronics box inside the module. The main structure of EUVC is composed of a multilayer film mirror, a thin film filter, a preamplifier, a sunshade and a protective cover. The rotation mechanism is composed of a pitch control mechanism, an azimuth control mechanism and corresponding mechanical positioning units. The electronic system is composed of a wave shaping circuit, a high speed A/D conversion unit, EUVC control unit, stepper motor driving unit, FPGA, and a temperature acquisition and processing unit. A schematic diagram of the electronic system for EUVC is shown in Figure 1 and a photo of the EUVC is presented in Figure 2 . Before launch, the performance of the EUVC was tested in detail and the results are listed in Table 2 . Table 2 indicates that the performance of EUVC satisfies the technical requirements and fulfills the requirements of imaging the plasmasphere on the lunar surface over a long duration.
DESIGN OF EUVC
Optical Design
Since no material that transmits in optical is suitable for the EUV wavelength range, the EUVC should implement a reflective optical system (Chen & He 2011) , among which both grazing incidence designs and normal incidence designs are applicable. Commonly used grazing incidence designs include Wolter type and KB type, both of which have the property of a small FoV and large volume which are not suitable for the EUVC. Normal incidence designs include Cassegrain and Schwarzchild, both of which can achieve high resolution. However, the Cassegrain design can only achieve high resolution in a small FoV and needs two mirrors. The Schwarzchild design also needs two mirrors but its volume is relatively large. So, both Cassegrain and Schwarzchild designs are also not applicable for EUVC. Finally, a design with a single spherical mirror and a spherical detector is chosen, as shown in Figure 3 . This layout has the advantages of a small volume, large FoV and high efficiency in energy transfer which are suitable for application in the environment on the lunar surface.
Since the emissions from the plasmasphere are very weak, between 0.1∼10 Rayleigh, a photoncounting imaging detector with high sensitivity is needed. The parameters of the detector are spatial resolution of 0.20 mm, effective diameter of 40 mm, radius of curvature of the microchannel plate (MCP) of 150 mm and dark counting rate of 1 count s −1 cm −2 . The structure of the detector is shown in Figure 4 , in which 1 is the supporting assembly for the MCP, 2 is the position sensitive anode, 3 is the fixing and supporting assembly for the anode, 4 is the electronic connector, 5 is the baseplate for installation, 6 is the insulating layer, and 7 is the supporting frame.
The parameters of the optimized optical system are listed in Table 3 . A diagram showing the optical path and the spot diagrams are presented in Figure 3 and Figure 5 respectively. The plasmaspheric EUV emissions entering into the system through the entrance pupil are reflected to the focal plane by the spherical multilayer film mirror, and then the EUV photons are transformed into photoelectric signals by a photon counting imaging detector. In Figure 3 , the blue, green, red and . The detector has a spatial resolution of 0.2 mm, effective diameter of 40 mm and dark count rate of 1 count s −1 cm −2 . Therefore, the calculated angular resolution of EUVC is 0.08
• , satisfying the requirements of the EUVC.
Operating Wavelength
The ionosphere, located under the plasmasphere, contains a number of helium atoms which can strongly scatter sunlight at 58.4 nm. The average intensity of ionospheric 58.4 nm emission is approximately 500 Rayleigh, much higher than the plasmaspheric 30.4 nm emission of ∼10 Rayleigh (He et al. 2013) . Since the ionosphere is always in the FoV of EUVC, the 58.4 nm emissions that enter the EUVC can reduce the signal-to-noise ratio of the EUV images. Also, the strong 58.4 nm emissions may cause saturation of the detector. So, the 58.4 nm emissions must be filtered to effectively image the 30.4 nm emissions from the plasmasphere.
In order to filter the 58.4 nm emissions, we have adopted the following methods. First, an EUV multilayer film mirror with a bandwidth of 4.6 nm is used as a narrowband filter to enhance the reflectivity at 30.4 nm and reduce the reflectivity at other wavelengths. Second, a thin film filter is used to filter the transmission with wavelength greater than 50 nm. Third, the quantum efficiency of the detector is very low around 50 nm. Finally, the ratio of detective quantum efficiency for EUVC at 30.4 nm is 79.2 times higher than that at 58.4 nm. The 58.4 nm radiation and others out of the operating wavelengths are efficiently filtered.
Sensitivity of EUVC
The sensitivity of the EUVC is determined by the area of the entrance pupil, the solid angle of a spatial resolution element, the reflectivity of the mirror, the transmission of the filter and the quantum efficiency of the detector. The sensitivity S can be calculated by the formula
where ω is the solid angle of a spatial resolution element, τ is the transmission of the filter, ρ is the reflectivity of the multilayer film mirror, ε is the quantum efficiency of the detector and A is the area of the entrance pupil. According to the tests, ρ = 0.187, τ = 0.209, ε = 0.148, ω = 3.1 × 10 −6 sr and A = 80.6 cm 2 . Using the above values, we find S = 0.11 count s −1 Rayleigh −1 , which satisfies the requirement of the EUVC.
Design of the Rotation Mechanism
Because the EUVC is mounted outside the instrumental module on the top of the lunar lander, a mechanism for adjusting the direction is needed to change the direction of the axis of the FoV to track Earth. During launch, the axis of the FoV is perpendicular to the the module plate. After landing, the axis of the FoV should be adjusted to point to the center of Earth. Under normal operation, a two-dimensional adjustment is necessary for real-time tracking of the center of the Earth since the Moon has a latitudinal and a longitudinal drift during its rotation around Earth.
The two-dimensional mechanism is composed of a U-shaped support, an azimuthal rotation mechanism and a latitudinal rotation mechanism. The rotations in both dimensions are driven by a stepper motor. According to the location of the landing site, the azimuthal adjustment range is 92
• ∼ 192
• and the latitudinal adjustment range is 15
• ∼ 90 • , with an adjustment accuracy of 0.1
• . During operation, the axis of the FoV is adjusted in real time according to telemetry from the probe to ensure that Earth's center is always located at the center of the FoV and to image the plasmasphere completely. Five months of successful operation on the lunar surface indicates that the rotation mechanism satisfies the requirements.
CALIBRATION OF EUVC
Geometric Calibration
Both the EUV optics and the detector on the EUVC have geometrical distortions which must be corrected. The distortion in the detector, which is greater than that in the optical system, can be corrected by optimizing the position decoding formula of the anode. The correction parameters are obtained during ground tests and can be applied to the EUVC when it is on the lunar surface.
The overall distortion of the EUVC is determined by ground calibration with polynomial functions
where (x, y) corresponds to the coordinate in the undistorted image, (x d , y d ) corresponds to the coordinate in the distorted image, P and Q are the parameters to be determined and N equals 3. P and Q are determined by imaging point sources which are stars. Distorted images of these points which are stars are acquired with the displacement of the points being 1 • in both the latitudinal and azimuthal directions. The coordinates of the distorted and undistorted image are used to solve the polynomial parameters as listed in Table 4 . The residual distortions at different temperatures are listed in Table 5 .
Photometric Calibration
Photometric calibration includes absolute calibration and relative calibration. Details are as follows. 
Absolute photometric calibration
The goal of absolute calibration is to determine the relationship between the responses of the EUVC and the intensity of the target. The response function of the EUVC to a target is
where I p is the pixel value, t with a value of 600 s is the exposure time and S is the sensitivity of the EUVC. According to the test in Section 3.3, the sensitivities of the EUVC at different temperatures are listed in Table 6 .
Relative photometric calibration
The goal of the relative photometric calibration or the flat field calibration is to determine the response uniformity of the active surface in the EUVC detector. The response uniformity of the EUVC depends on the detector response and the vignette of the EUV optics. The uniformity is calibrated after assembly of the EUVC. The responses of the EUVC in different FoVs are measured at intervals of 1 • . During the calibration, the same EUV source is applied under the same working pressure and current, so that the intensity of EUV radiation stays the same. The calibration result is shown in Figure 6 and can be used to apply flat field correction to images of the plasmasphere. The results of the calibrations show that values are uniform within 15.8%. The results of observations from the EUVC on the lunar surface are modified by the uniformly corrected data so that the real distributions of the plasmasphere are obtained.
FIRST IMAGE AND IMAGE PROCESSING
The EUVC landed on the lunar surface on 2013 December 12 and obtained the first global image of the plasmasphere from the Moon. After an image of the plasmasphere was acquired, the EUVC was rotated away from the Earth to take a dark image of the background. Then the background was removed from the image of the plasmasphere. The result is shown in Figure 7 . The plasmasphere, plasmapause, airglow and the Earth's shadow can be clearly seen in the image. During its long term observations, data from the EUVC will provide useful images for researchers to investigate how the plasmasphere responds to solar activities.
SUMMARY
The development and calibration of the EUVC have been done and all the performance parameters satisfy the scientific requirements. The EUVC has successfully landed on the lunar surface and has obtained many images of the plasmasphere in EUV. Both ground and in-orbit tests indicate that the performance of the EUVC has achieved the design requirements and satisfies the needs of scientific research. The FoV of the EUVC is 14.7
• , which can cover the overall plasmasphere; the angular resolution is 0.08
• , which can clearly resolve plasmaspheric structures; the working wavelength is 30.2 nm with a bandwidth of 4.6 nm and the radiation with wavelength longer than 58.4 nm, which is UV and visible light, is strongly filtered, ensuring effective imaging of the plasmasphere; the dynamic range is 0.1 ∼ 10 Rayleigh which covers the whole possible range of emissions from the plasmasphere and clearly resolves the plasmapause.
